We present a route to non-destructive functionalization of graphene via assembly of vertical all-carbon van der Waals heterostructures. To this end, we employ singlelayer graphene (SLG) sheets grown by low-pressure methane CVD on Cu foils and large-area dielectric ~1 nm thick amino-terminated carbon nanomembranes (NH 2 -CNMs) generated by electron-beam-induced crosslinking of aromatic self-assembled monolayers. We encapsulate SLG sheets on oxidized silicon wafers with NH 2 -CNMs via mechanical stacking and characterize structural, chemical and electronic properties of the formed heterostructures by Raman spectroscopy and X-ray photoelectron spectroscopy as well as by electric and electromagnetic transport measurements. We show that functional amino groups are brought in close vicinity of the SLG sheets and that their transport characteristics are not impaired by this functionalization; moreover, we demonstrate a functional response of the heterostructure devices to the protonation of the amino groups in water. Due to its relative simplicity, the suggested approach opens broad avenues for implementations in graphene-based electronic devices where non-destructive chemical functionalization of graphene is required (e.g., for engineering electrical transducers for chemical and bio-sensing) or as complementary dielectric to graphene in hieratical heterostructures.
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The functionalization of pristine graphene sheets is of key importance for their applications as electrical transducers in electronic devices such as, e.g., electric fieldeffect based nanosensors. 1, 2 However, optimal routes to the functionalization have not been yet established which strongly restricts the applications. 3, 4 As pristine graphene consists of exclusively sp 2 -carbons organized in the honeycomb network, it is chemically relatively inert and difficult to functionalize via covalent bonding. Even when the covalent functionalization is achieved, due to associated structural modifications in graphene, its attractive electronic properties (e.g., high electrical charge mobility, strong ambipolar electric field effect, high thermal conductivity) are largely diminished. [1] [2] [3] 5 Both covalent bonding to the graphene defects, as in oxidized graphene 6 or to graphene grain boundaries, 7 and direct bonding to the intact benzene rings 8 were studied and have demonstrated these limitations. In this respect, noncovalent functionalization of graphene, i.e. via weak van der Waals (vdW) forces, may provide an attractive alternative, as it does not induce severe changes into graphene. 4 Thus, the functionalization of graphene with flat polyaromatic molecules like porphyrins 9 has been shown. Although the adsorbed monolayers do not disrupt the graphene structure, their stability is low and limits implementations in devices. Therefore, a more durable functionalization of graphene based on the vdW interactions is highly desirable. Here we present a route to such functionalization via engineering of all-carbon vertical heterostructures by mechanical stacking 10 of amino-terminated carbon nanomembrane (NH 2 -CNM) and single-layer graphene (SLG) sheets. CNMs are a novel two-dimensional (2D) carbon-based electronic material with dielectric properties made via electron-/photon-induced crosslinking of polycyclic aromatic selfassembled monolayers. 11, 12 We employ SLG sheets, grown by low-pressure chemical vapor deposition (CVD) of methane on Cu foils 13 , and amino-terminated ~1 nm thick CNMs [14] [15] [16] , to assemble NH 2 -CNM/SLG heterostructures on oxidized silicon wa-4 fers and use them for the fabrication of field-effect devices. The chemically active amino groups of NH 2 -CNMs are located in these heterostructures in close vicinity to the graphene plane. We characterize structural, chemical and electronic properties of the large-area heterostructures and the fabricated electric-field devices by Raman spectroscopy, X-ray photoelectron spectroscopy (XPS) as well as by electric and electromagnetic transport measurements at room and low temperatures; and we study the electric field response of the devices in water. We show that the intrinsic electronic quality of pristine SLG sheets is preserved in the heterostructures, opening broad avenues for use in graphene-based electronic devices, e.g., for engineering electrical transducers for chemical and bio-sensing or as the complementary ultrathin dielectric material to SLG sheets for their integration with other materials.
A scheme for engineering the NH 2 -CNM/SLG heterostructures on oxidized silicon wafers is presented in Figure 1 . The process consists of two parallel routes including the fabrication of free-standing (i) NH 2 -CNM and (ii) SLG sheets, which is finalized by their mechanical stacking into the vertical vdW heterostructure. To this end, NH 2 -CNM sheets are prepared from self-assembled monolayers (SAMs) of 4'-nitro-1,1'-biphenyl-4-thiol on Au/mica substrates by electron irradiation (100 eV, 60 mC/cm 2 ) resulting in the lateral crosslinking of the biphenyl molecules 17 and the conversion of the terminal nitro groups into amino groups. 14, 16 SLG sheets are grown by lowpressure CVD of methane on copper foils. 13 Then, the grown NH 2 -CNM and SLG sheets are stacked on an oxidized highly doped silicon wafer by using the poly(methyl methacrylate) (PMMA) assisted transfer 18, 19 (details in Supporting Information (SI)). In the formed heterostructure (see Fig. 1, right) , amino groups of the NH 2 -CNMs are in close vicinity to the graphene plane, as they are separated from its 5 surface by an only ~1 nm thick dielectric sheet of cross-linked biphenylthiols. 18 They can further be flexibly chemically functionalized for applications. 16, 20 Fig. 2a shows an optical microscope image of the large-area NH 2 -CNM/SLG heterostructure fabricated on an oxidized (oxide thickness ~300 nm) silicon wafer. Four different regions can clearly be recognized in this image corresponding to the bare substrate and the areas with NH 2 -CNM, SLG, and NH 2 -CNM/SLG heterostructure. As expected for the dielectric NH 2 -CNM, 10 its optical contrast appears lower in comparison to the well-conducting SLG. 21 We employed Raman spectroscopy at ambient conditions to characterize graphene in different areas of this sample. As seen from Figure 2b , the intensity ratios between the characteristic D-and G-peaks of bare graphene and graphene integrated into the heterostructure are similar, which demonstrates that no additional structural defects are introduced into the SLG sheet upon stacking a NH 2 -CNM on its top. Due to the disordered nature of NH 2 -CNM and its monolayer thickness (~1nm), NH 2 -CNM does not contribute of the measurable Raman intensity at our experimental conditions. ). This difference is indicative for a lower degree of charged impurities 22, 23 in the NH 2 Figure 3a) was fabricated from the same CVD grown SLG sheet placed on an oxidized silicon wafer. Then the wafer was sliced and a half of bare devices was directly examined, whereas on top of the second half a large-area NH 2 -CNM was transferred to obtain heterostructure devices. In these devices, the NH 2 -CNM covers both graphene areas and gold wiring with the bonding pads. Figure   3a presents an optical microscope image of one of the heterostructure devices. Ra-man mapping at positions of the characteristic D, G and 2D peaks (see Figure 3b) reveals its high structural quality and homogeneity on the large scale, which is directly confirmed by electric transport measurements. Figure 3c presents room temperature (RT) electric-field effect measurements as a function of back-gate voltage, U BG , at four different side contacts of the device (see Figure 3a , P1-P4). As can be seen, the electrical characteristics are homogeneous on the scale of ~3500 m We selected two devices of each type with the highest mobility  H3 and G1  and studied their transport characteristics in more detail. Figure 3f shows the RT conductivity plots, 
with a singularity at n = 0, whereas experimentally a smooth transition between electrons and holes is observed, representing a co-existence of both carrier types in the transition region. 24 Thus, in devices G1 and H3 we obtain mixing of the carrier concentrations in the range of 89×10 , respectively.
As at low carrier concentrations graphene mobility is limited by scattering on the charged impurities, 25 higher mobility values for H-devices in comparison to G-devices correlate with the lower residual carrier concentrations. It is peculiar that H-devices show a continuous decrease of the mobility with increasing carrier concentration beyond the electron-hole puddle ranges (see Figure 3d ), whereas the mobility of Gdevices stays nearly constant. We attribute this behavior to the encapsulation of graphene in H-devices with an about 1 nm thin dielectric sheet terminated with polar amino groups and sulfur species 16 , which effectively screen 26 the charge impurities and suppresses scattering of the electrical carriers. A similar behavior was recently theoretically discussed for top-gated graphene devices with ultrathin gate dielectric layers. 27 
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In the following we demonstrate that at low temperatures the magneto-transport
properties of H-devices reproduce very well the quantum mechanical phenomena attributed to SLG, Figure 4 . Thus, Figure 4a shows an evaluation of the Shubnikov- is clearly observed (see inset to Figure 3a ). We applied the weak localization theory 28, 29 to perform fitting of these data (blue solid . With the dielectric constant of NH 2 -CNMs (  2.9, Ref.
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) and using the plate capacitor model, we obtain an effective interfacial potential at the water/NH 2 -CNM interface of ~120 mV (see SI, p. 5). Figure 5b shows the corresponding dynamic response of the device resistivity acquired by four point measurements with a direct current of 1 µA and U BG =0 V. Just after placing the first water droplet (green arrow), which only partially covered the heterostructure area, a noticeable and rapid change of the resistivity was detected. After the full coverage with water (red arrow) we measured a giant increase by at least 400 % of the graphene resistivity, which corresponds to a decrease of the charge carrier concentra-tion in agreement with the ambipolar electric-field effect presented in Figure 5a . Blowing the droplet away (black arrow) results in a fast recovering of the resistivity to its initial value of ~1.6 kΩ/sq. Some instability of the resistivity signal in water was caused by the evaporation and droplet movement, which was observed in an optical microscope.
In summary we have demonstrated the fabrication and characterization of all-carbon NH 2 -CNM/SLG heterostructures in which the terminal amino groups are separated by an only 1 nm thick carbon-based dielectric film from the plane of graphene. The intrinsic quality of the SLG sheets is not disturbed by this functionalization; moreover, NH 2 -CNMs acts as the effective encapsulation layer improving the electric transport.
As the amino groups can further be flexibly chemically functionalized 16, 20 , the suggested route opens broad avenues for the engineering of functional electronic devices (e.g., nanosensors). The electric response of the heterostructure devices to water shows the viability of this approach. As CNMs can economically be produced on large scale from a variety of aromatic monolayers, 12 it is promising to use them in the graphene-based electronics as complementary 2D dielectric, similar to hexagonal boron nitride sheets, for the engineering the efficient top-gate electrodes or for making the field-effect tunneling transistors.
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An additional interesting opportunity is provided by the fact that CNMs can be converted into high electronic quality graphene by annealing.
32
In this way both graphene and insulating CNMs can be prepared from the same molecular precursor facilitating implementation of all-carbon electronics in nanotechnology.
Supporting Information
This material contains the detailed description of materials and methods, analysis of Raman spectroscopy and microscopy data, atomic force microscopy (AFM) images of bare graphene and heterostructure Hall bar devices, model calculations. 
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MATERIALS AND METHODS

Production and Transfer of CVD graphene
The 
X-ray Photoelectron Spectroscopy (XPS)
A multi-chamber UHV-system (Multiprobe, Omicron) equipped XPS was employed for the analysis of the samples. X-ray photoelectron spectra were recorded using a monochromatic X-ray source (Al K  ) and an electron analyzer (Sphera) with a resolution of 0.9 eV.
Raman Spectroscopy
Raman spectra were acquired using a micro Raman spectrometer ( 
Atomic Force Microscopy (AFM)
AFM measurements were performed with Ntegra (NT-MDT) in contact mode at the ambient conditions using Pt-coated cantilevers (Phoenix Nanotechnologies) with the force constant of 0.03-0.20 N/m and the tip radius of 30-50 nm.
Fabrication of Hall Bar Structures (G-and H-Devices)
Graphene Hall bars in graphene (G-devices) on Si/SiO 2 -wafers (As-doped, resistivity 3-7 mcm, with 300 nm of the thermally grown silicon oxide, Si(100)) were fabricated using standard electron beam lithography and PMMA masks. Geometrical definition of the graphene shapes was achieved by dry etching in argon/oxygen plasma. Ti/Au contacts (10 nm/100 nm) were made by thermal evaporation and lift-off. To fabricate heterostructure devices (H-devices) the whole area of the 5 mm × 5 mm chips was S5 covered with a NH 2 -CNM, and the bonding Au wires were connected to the bonding through the encapsulation layer. As the pads were placed far away from the H-device area, the water droplets can easily be applied and removed without having contacts with non-insulated bonding Au wires. For the transport measurements the chips with devices were mounted onto 10 mm × 10 mm printed circuit boards using silver epoxy glue.
Electric and Electromagnetic Transport Measurements
Electrical transport measurements were carried out in an Oxford Instruments Helium 
